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Metastable ion (MI) and collision-induced dissociation (CID) mass spectra have been recorded 
and compared for all nine C,H,,Si+’ isomers. The (Me),Si+; t-B&H;; s-BuSiH;, and 
(Me),EtSiH+’ isomers have unique MI and CID mass spectra. The MI mass spectra, including 
the kinetic energy release values, of (MeXi-Pr)SW;’ and (MeXn-R&H; are identical, which 
implies isomerization. MI data also suggest that a fraction of the Et,Sii;’ ions rearrange into 
branched (Me),EtSiH+’ ions and a fraction of the n-BuSiH;’ ions rearrange into branched 
s-BuSiH;’ ions. A comparison with the isomeric C,H;; pentanes reveals a crucial difference: 
H, loss occurs for n-BuSiH’,; i-BuSiH’,; s-BuSiH’,; (Me&Pr)SiH’,; (Me%Pr)SiH$‘, and 
Et,SiH;; but not for any of the CsH& isomers. Generation of four- or five-membered silicon 
containing rings is suggested for H, loss from the C4H,,Si” silanes. (I Am SOC Mass Spectrom 
1w4,5,537-543) 
S 
ilanes and their organo-derivatives are of interest 
as precursors in chemical vapor deposition (CVD) 
processes used to prepare epitaxial films. Choice 
of precursor would be made more effective if it proved 
possible to relate precursor composition and structure 
to the mechanisms of thermal decomposition in the 
CVD process. This work is part of a larger effort in 
which the pyrolysis and film behavior of a complete 
set of organosilane isomers are being examined in an 
effort to understand the influence of precursor struc- 
ture on CVD behavior. Initial results indicate a corre- 
spondence between the type of fragments produced by 
thermal decomposition and those generated by elec- 
tron impact in a mass spectrometer for some silanes 
[l]. If the correlations between mass spectral data and 
pyrolysis behavior for these compounds are general, 
and can be subsequently related to particular features 
of epitaxial films, it should then prove possible to 
predict the CVD characteristics of a precursor from an 
examination of its mass spectra. 
Over the past two decades mass spectrometry has 
distinguished itself as an extremely powerful tech- 
nique for distinguishing isomeric ions. Two comple- 
mentary approaches are available to determine the 
structure of ions: (1) ion/molecule reactions [2] and (2) 
metastable and collision-induced dissociation (CID) [ 31. 
The latter approach was used to examine the gas phase 
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behavior of Si(CH,): ions [4]. Surprisingly, the don+ 
nant metastable process is loss of C,H,, which must 
involve a complex rearrangement. In general, even- 
electron organosilicon cations commonly undergo 
complex rearrangement processes [4, 51. Specific 
ion/molecule reactions can be used to distinguish iso- 
mers as well. For example, ion cyclotron resonance 
experiments showed that the reactions of the isomers 
Si(CH,),+ and SiH(CH&C2Hs)+ with methanol give 
rise to different product ions [6]. However, the reac- 
tions of the isomers Si(CH,),(n-C 3H7)1 and 
Si(CH&i-C3H7)+ with methanol produced product 
ions of the same mass and they could be distinguished 
only on the basis of their relative abundances. That 
collisional activation can also induce rearrangements 
has been shown in the case of isomerization of 
Si(C,H,)H; to the thermodynamically more stable 
isomer Si(CH&,H+ [7]. The ion structures were probed 
by ion/molecule reactions with ethene-D,, which 
showed that while Si(C,H,)Hl undergoes multiple 
H/D exchanges, Si(CH3)2H+ tends to undergo a sin- 
gle H/D exchange. 
Odd-electron alkylsilane cations have received much 
less attention and most studies have focused on ioniza- 
tion and appearance energy measurements for tetra- 
methyl- and trimethylsilane [&lo]. These measure- 
ments allowed the determination of heats of formation 
of methylsilanes and other alkylsilanes. (Heats of for- 
mation of organosilicon compounds determined via 
static oxygen-bomb calorimetry are frequently inaccu- 
rate because of incomplete combustion and all pre-1970 
8 1994 American Society for Mass Spectrometcy 
1044~0305/94/$7.00 
Received November 8,1993 
Revised December 21,1993 
Accepted December 21,1993 
538 SAULYS ET AL. J Am Sot Mass Spectrom 1994,5,537 543 
values have been rejected [ll].) We report here 
metastable and collision-induced fragmentation stud- 
ies of all nine C H Si’ isomers. Isomerization be- 
tween the varioui lt&ctures will be considered in 
detail. 
Experimental 
All experiments were performed using a VG Analyti- 
cal ZAB-2F double focusing mass spectrometer of re- 
versed geometry. The (volatile) samples were intro- 
duced via the septum inlet. A 100 PA beam of 70 eV 
electrons was used for ionization. The source tempera- 
ture was 150 “C and the accelerating voltage S kV. 
Metastable ion (MI) and CID mass spectra were 
recorded using reported procedures 1121. The CID mass 
spectra were obtained using He as the target gas and 
the gas pressure was adjusted to give a main ion beam 
transmission of SO%. All MI and CID mass spectra 
were corrected for isotopic interference from ions of 
lower mass. (Natural abundances of r3C, 29Si, and 3oSi 
are l.ll%, 4.71%, and 3.12%, respectively.) ln these 
experiments all slits were fully open to obtain maxi- 
mum signal strength and to minimize energy resolving 
effects. Metastable peak shapes, however, were 
recorded with a main beam width of I 2 V at an 
accelerating voltage of 8000 V. Kinetic energy releases 
(based on the width at half height, T,,) were evaluated 
by established methods [13]. None of the MI peaks 
appeared to be composite. 
All synthetic manipulations were performed in an 
atmosphere of dry nitrogen or argon. Solvents were 
dried over CaH,. Silanes were distilled at least twice 
through a 13 x 300 mm glass helices-packed column 
(S-10 theoretical plates). Fractions with a boiling point 
range of less than 0.5 “C were retained for further 
study. The purity was verified by means of both 500 
MHz ‘H NMR and high resolution mass spectrometry. 
Only resonances attributable to the species in question 
were observed. The exact mass measurements were 
correct for all the silanes and there were no detectable 
impurities. 
Diethylsilane (Fluka) and dimethylethylsilane (Al- 
drich) were distilled twice before use. Tetramethylsi- 
lane was laboratory stock. Purchased chlorosilanes 
were used as supplied. Tertiary-butyltrichlorosilane 
(Aldrich), i-butyltrichlorosilane (PCR), n- 
butyltrichlorosilane (Hills America), and methyl-n-pro- 
pyltrichlorosilane (Hi& America) were reduced with 
LiAlH, in refluxing dioxane [14]. A mixture of com- 
mercial (Hi& America) and synthesized methyl-i-pro- 
pyldichlorosilane was reduced to the hydride. The 
resulting hydrides were passed through a - 78 “C trap 
on a high vacuum line and then distilled as described 
above. 
Secondarybutyltrichlorosilane was prepared by the 
slow drop-wise addition of an s-BuMgCl/Et,O solu- 
tion to an excess (1:2.5) of SiCl, (Aldrich). The result- 
ing solution was filtered and the magnesium salts 
were extracted with dry hexanes. The combined filtrate 
and extracts were distilled, first through a 21-cm Vi- 
greux column and then through a column of glass 
helices. The resulting chloride (b.p. 140~144 “C, 32% 
yield based upon the Grignard) was then reduced and 
purified as described above. 
Methyl-i-propyldichlorosilane was synthesized by 
the slow drop-wise addition of 0.7 moles of an i-PrMgCl 
solution in Et,0 to a sixteenfold molar excess of 
MeSi(OEt), (Aldrich) at 95-120 “C [15]. The reaction 
mixture was filtered, added to a 30% excess of acetyl 
chloride (Aldrich), and stirred for two days at room 
temperature. The lower boiling materials were re- 
moved by distillation (Vigreux column) and the re- 
maining solution fractionated through a column of 
glass helices, yielding 50.0 g (48% based upon the 
Grignard) of methyl-i-propyldichlorosilane (b.p. 
1199122 ‘Cl. The chloride was then reduced and the 
resulting hydride purified, as described above. 
The yields and boiling points of the nine C,H,,Si 
silane isomers are summarized in Table 1. 
Table 1. The yields and boiling points of the nine C,H,,Si 
silane isomers 
Silane boiling point, “C 
(Me),Si 27.0 
t-BuSiH, 28.8 
s-BuSiH, 49.0 
i-BuSiH, 47.0 
n-BuSiH, 56.0 
(MeNi-PrlSiHz 43.8 
iMe)(n-PrISiH, 50.3 Et,SiH, 53.8 
(Me),(Et)SiH 42.8 
yield. %” 
b 
51 
60 
71 
77 
75 
7,9 
b 
aSee Experimental sectmn for synthetic details. 
bCommercmlly available. 
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Results 
The MI mass spectra of all nine C,H,,Si+’ isomers and 
the kinetic energy release values for the most abun- 
dant metastable processes are presented in Table 2. 
The first conclusion to be drawn is that, except for 
methyl-n-propyl silane and methyl-i-propyl silane, all 
the MI mass spectra are different. In those cases where 
the same fragment ions are generated, their relative 
abundances and/or their kinetic energy releases are 
different. 
For a particular precursor the relative abundances 
of ions in the MI mass spectrum is governed by the 
energy requirement and the frequency factor of the 
various metastable processes. In the absence of con- 
crete information about frequency factors, the MI mass 
spectra of some of the C,H,,Si+’ isomers are rational- 
ized on the basis of thermochemical information [16]. 
The salient features of each spectrum are discussed 
and compared with those of the corresponding pen- 
tane MI mass spectra. The CID data are presented in 
Table 3. 
Tetramethylsilune 
The Ml mass spectrum of tetramethylsilane ions shows 
loss of a methyl radical. Appearance energy measure- 
ments confirm that this is indeed the energetically 
most favorable process [9, 101. 
(HsC14Si+‘+ H,C ‘+ (H&l&+ 
ZAH,fproducts) = 776 kJ.mol-’ 
The absence of CH, loss suggests that the heat of 
formation of H,C = SKCH,); ions is at least 851 
kJ.mol-r, provided that there is no significant barrier 
for the reverse reaction (AH,(CH,) = -75 kJ.mol-‘1. 
t-Butylsilane 
The Ml mass spectrum shows that t-butylailane molec- 
ular ions lose SiH, predominantly and H,Si’ to a 
lesser degree, in line with appearance energy measure- 
ments [8]. The ionization energy of t-butyl silane was 
determined to be 9.5 * 0.2 eV and appearance energy 
measurements gave 9.89 + 0.05 eV for C,H;- and 10.25 
* 0.02 eV for C,HG. Thus, generation of C,H$’ is 0.36 
eV more favorable than C,Hg. Note that our kinetic 
energy release measurements suggest that both frag- 
mentation processes occur at their thermochemical 
threshold; T&m / z 56) = 2.6 meV and T&m / z 57) 
= 2.3 meV. ln contrast, thermochemical data from Ref. 
16 suggest that generation of C,Hz is more favorable. 
(H,C),C(SiH,lf’ -+ H,Si’+(H,C),C’ 
ZAH,(products) = 897 kJ.mol-’ 
+ H,Si + H,C = C(CH,)c 
ZAH,(products) = 909 kJ.mol-’ 
A comparison of the above thermochemical data with 
the appearance energies and our Ml data suggests that 
one or more of the heats of formation for the products 
Table 2. M&a&able ion mass spectra of alJ isomeric C,H,,Si+’ molecular ions’ 
Fragment Ions, 
mass-to-charge ratio 
Isomer 86 73 58 57 56 
-HaSi M+‘-H, M+‘-H&’ M+-C H 2 6 Mt.-H,Si’ Mf-H4Si 
alMe) 4 Sic’ 100 
b t-BuSiHi’ 
c s-BuSiH:’ 
d i-BuSiH:’ 
e n-BuSiH:’ 
f (Me)(i-Pr)SiH:’ 
g (MeHn-Pr)SiHi’ 
h Et,SiHg’ 
i (MeLJEt)SiH+’ 
2 
b 
0 
100 
(170) 
100 
(54) 
100 
(59) 
100 
(57) 
(3.9) 
A 
100 
(5.81 
“The relative intensities are normalhad to the most intense signal in the MI mass spectrum= 100. 
The relative intensities reflen low resolution conditions and the date are corrected for isotopic 
contributions from ions of lower mess. The kinetic energy releases (To_, values in meV) are presented in 
parentheses. 
’ Not determined. 
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Table 3. Collision-induced issociation mass spectra of all isomeric C,H,*Si+. molecular ionsa 
Fragment Ions, Mass-to-Charge Ratio 
Isomer 87 86 73 72 71 60 59 58 57 56 55 45 44 43 
a (Me),%+ 1000 19 11 8 9 a 
b t-BuSiH:’ 12 19 50 15 1000 555 25 10 10 
c s-BuSiH:’ 20 357 89 32 249 1000 43 19 
d i-BuSiH:’ 3 664 1000 11 8 21 17 7 26 
e n-BuSAH: 49 1000 39 30 266 84 14 122 10 6 5 
f (MebPrISiH:’ 45 1000 61 10 4 4 18 13 12 12 7 
g (Meb-PrJSiH:’ 57 1000 a9 13 9 12 27 23 32 28 14 
h Et,SiH:’ 91 891 11 237 1000 36 18 19 23 
i (Me),(Et)SiH+’ 160 39 35 8 253 1000 26 11 20 
‘The relative intensities are normalized to the most intense signal in the MI mass spectrum = 1000. The relative intensities reflect low 
resolution conditions and the data are corrected for isotopic contributions from ions of lower mass. 
presented in Ref. 16 may be in error. (Indeed, recent 
proton affinity measurements [17] have revised the 
heat of formation of (H3C)&+ ions from 694 [16] to 
711 kJ.mol-‘.) Interestingly, t-butylsilane molecular 
ions do not lose methane or a methyl radical on the 
time-scale of MI experiments. Unfortunately, no ther- 
mochemical data are available to explain the absence 
of the latter processes. 
In the CID mass spectrum loss of H,Si’ (m / z 57), a 
simple cleavage reaction, is more prevalent than loss of 
SiH, (m / z 56), a rearrangement reaction. 
Generation of C,H; ions is also the most abundant 
metastable process for s-butylsilane molecular ions. 
However, these C,H;’ ions most likely have the 2- 
butene structure. 
H,C - CH, - CH(CH3)(SiH3)+’ 
+ H,Si + H,C - CH = CH - CHT’ 
ZAHf(products) = 901 kJ.molF’ 
HH$i’+ H,C - CH, - CH(CH,)+ 
XAH,(products) = 969 kJ.molF’ 
The absence_ of H,Si’ loss in the MI mass spectrum 
is in line with thermochemical data and excludes the 
possibility of isomerization of s-butylsilane cations into 
t-butylsilane cations. Table 2 shows that the kinetic 
energy release for loss of H,Si is significantly larger 
for s-butylsilane ions than for t-butylsilane ions. 
The CID mass spectrum has characteristic signals at 
m / z 73 (loss of H,C’), m /z 59 (loss of C,H;), and 
111 /z 57 (loss of H,Si’); all of which correspond to 
secondary cations generated via simple.bond cleavage 
reactions. 
i-Butylsilane, n-Bufylsilane, Methyl-i-PropyZsilane, 
Mefhyl-n-Propylsilane, and Diethylsilane 
Since H, loss is by far the most prominent metastable 
process for i-butylsilane, n-butylsilane, methyl-i-propyl 
silane, methyl-n-propyisilane, and diethylsilane molec- 
ular ions, it is reasonable to assume that the corre 
spending fragmentation routes are the least energy-de- 
manding for these isomers. The kinetic energy release 
values (> 50 meV for all five isomers) indicate that H, 
loss does not occur at its thermochemical threshold. 
The Ml mass spectra of methyl-i-propylsilane and 
methyl-n-propylsilane are identical within experimen- 
tal error and, therefore, isomerization between those 
two C,H,,Si+’ isomers is likely (see below). The CID 
mass spectra of these two isomers are also quite close; 
the same signals are present in both spectra although 
the relative abundances vary slightly. 
In the CID mass spectrum of i-butylsilane molecular 
ions the most intense signal is at m / 2 73, in contrast 
to the MI mass spectrum. The m /z 73 ions are most 
likely the secondary H,C - C+H - CH, - SiH, 
cations, generated via loss of H,C ‘. 
Diethylsilane is the only C,H,,Si+’ isomer that has 
been previously examined in detail [9b]. The diethylsi- 
lane ionization energy has been reported as 9.8 eV 
with H, loss from the molecular ions requiring an 
additional 0.2 eV. The structure of the C,H,,Si+- prod- 
uct ions will be discussed below. 
Dimethylethylsilane 
The MI mass spectrum of dimethylethylsilane molecu- 
lar ions is unique because it is dominated by m / z 58, 
that is, C,H, loss. The relatively small kinetic energy 
release for this process, 21 meV, suggests that it may 
well occur relatively close to its thermochemical 
threshold. 
H,C - CH, - SiH(CH,)z’ 
-+ H,C - SiH = CH;‘+ C,H, 
sAH,(products) = 846 kJ.mol-‘I 
*The appearance potential for generation of H,C - SiH = CH;’ 
and H, from (CH.),SiH, (AH, = -95 kJ.mol-‘) is 10.7 eV and the 
appearance potential for generation of HBC - SiH = CH; and CH, 
(AHf = -75 kJ.mol-‘) from (CH&iH (AH, = -163 kJ.molml) is 
10.7 eV [9bl. Using these data the heat of formation of H3C - SiH = 
CH;’ should be s 937 kJ.mal-’ and < 925 kJ.mol-‘, respectively, 
i.e., < - 930 kJ.mol~‘. 
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The CID mass spectrum of dimetbylethylsilane ions 
contains an m /z 58 signal and a relatively intense 
m /z 59 signal, due to loss of C,H;. 
To summarize, the MI mass spectra show that the 
straight chain silanes (n-butylsilane, methyl-n-pro 
pylsilane and diethylsilane) have a high tendency to 
lose H,. In contrast the branched silanes lose either 
H,C . (tetramethylsilane), SiH, (t-butylsilane and s- 
butylsilane), or C,H, (dimethylethylsilane). Interest- 
ingly, the H, loss behavior of i-butylsilane and 
methyl-i-propylsilane mimics that of the straight chain 
silanes. 
Discussion 
lsomerization 
Detailed MI studies using isotopically labeled com- 
pounds indicate that n-pentane molecular ions isomer- 
ize (via 1,2-ethyl and/or Q-methyl shifts) into meth- 
ylbutane molecular ions prior to metastable decompo 
sition [18] because isomerization of linear to branched 
alkanes is energetically favorable [Xi]. However, there 
is no evidence for communication of n-pentane and 
methylbutane ions with dimethylpropane ions. 
Similarly, the identical Ml mass spectra suggest that 
methyl-n-propylsilane cations isomerize into the 
branched and therefore more stable methyl-i-propylsi- 
lane cations. Isomerization could take place via a 1,2- 
methyl shift or a 1,2-H,C-SiH; shift. The identical 
kinetic energy release values for H, and H,C. loss 
imply that the isomerization barrier is below the 
thresholds for H, and H,C’ loss. 
Because the kinetic energy release values and the 
relative abundances of m / z 86 and 73 in the MI mass 
spectrum of i-butylsilane molecular ions are close to 
those in the MI mass spectra of ionized methyl-n-pro 
pylsilane and methyl-i-propylsilane, it is conceivable 
that i-butylsilane ions communicate with the methyl- 
propylsilane ions. 
The MI spectrum of diethylsilane ions shows loss of 
C,H, and H,. The former process is characteristic for 
dimethylethylsilane. To explain this, we propose that a 
small fraction of the diethylsilane cations rearrange 
into the more branched dimethylethylsilane cation via 
a 1,2-methyl shift. Because the kinetic energy release 
values for C,H, loss from these compounds are virtu- 
ally identical, 7.9 and 5.8 meV, the isomerization pro 
cess is not rate dete rmining or, if it is, the transition 
state is. close to the threshold for C,H, loss. However, 
the rearrangement reaction must be more energy de- 
manding than H, loss, the major metastable process 
for the diethylsilane molecular ions. The CID mass 
spectra of diethylsilane and dimethylethylsilane ions 
are distinctly different. 
The metastable loss of SiH, from n-butylsilane 
molecular ions suggests that isomerization into s- 
butylsilane molecular ions is possible. The latter pro 
cess would involve a 1,2-methyl and/or a 1,2-silyl 
shift. Since the kinetic energy release values for SiH, 
loss from n-butylsilane and s-butylsilane ions are close, 
26 versus 21 meV, the isomerization reaction is proba- 
bly not rate determining. The loss of a methyl radical 
is unexpected for straight chain n-butylsilane molecu- 
lar ions and could indicate isomerization into s- 
butylsilane or i-butylsilane cations. Loss of a methyl 
radical from the latter isomers would yield energeti- 
cally favorable secondary cations. Isotopic labeling will 
be required to delineate these isomerization processes 
in detail. 
Comparison with Pentane Molecular Ions 
The isomerization of straight chain silanes into 
branched silanes parallels the behavior observed for 
saturated hydrocarbons such as butanes and pentanes. 
The fundamental difference between the C,H,2Si+’ 
silanes and the ionized butanes and pentanes is the 
abundance of metastable H, loss. For n-butane and 
methylpropane molecular ions Wolkoff et al. 1191 stated 
that “Although el imination of H, is the process with 
the lowest energy requirement, there is no evidence 
that such a reaction takes place.” A similar situation 
exists for n-pentane and methylbutane molecular ions 
[16,20]. In contrast, six of the C,H,,Si+’ silanes display 
loss of H, in their MI mass spectra and for five 
isomers it is the most abundant process. Clearly, the 
presence of silicon guides the metastable ion chemistry 
in this respect. This difference in behavior can ulti- 
mately be traced back to characteristic differences be- 
tween the two elements themselves. Silicon’s greater 
size (Van der Waal’s radii: 117 pm for Si and 72 pm for 
C) and larger, more diffuse bonding orbitals, com- 
pared to carbon, lead to longer, more easily “bent” 
bonds, which can more readily accommodate the 
smaller bond angles found in cyclic structures. Thus, 
the presence of silicon attenuates the three major 
sources of strain energy in small rings: angle deforma- 
tion, torsional strain, and transannular interactions 1211. 
As a result, silicon is more amenable to participation in 
small cyclic structures than carbon and generation of 
cyclic structures upon metastable H, loss should be 
more likely for the C,H,,Si+’ silanes than for the 
CsHi, pentanes. A comparison of thermochemical data 
serves to illustrate this point. Information for the 
species of interest, C,H,aSi+; is not available, but tber- 
mochemical data for the higher homologue, C,H,,Si+; 
are available 1161. The unsaturated H,C = 
CHSi(CH& ’ ions have a heat of formation of 794 
kJ.mol-‘, whereas the value for the cyclic isomer, 
l,l-dimethyl-l-silacyclobutane’; is ‘25 kJ.mol-’ lower, 
that is, 769 kJ.mol-‘. For all-carbon species the sihra- 
tion is reversed; ring isomers have much larger heats 
of formation than acyclic olefinic isomers (e.g., AH@ 
pentene“) = 840 kJ.mol-l versus AH,(cyclopentane” 
) = 936 kJ.mol-‘; AH@methyl-2butene”) = 795 
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kJ.mol-l versus AH ,(methylcyclobu tane ’ ‘) = 907 
kJ.mol-I). 
Thermochemical data suggest that generation of 
olefins via H, loss from n-pentane and methylbutane 
should be competitive with the observed metastable 
processes, but because ,it does not occur, loss of H2 
giving rise to olefins must have a high activation 
energy barrier. As suggested above, H, loss accompa- 
nied by generation of cyclic compounds (cyclopen- 
tane” and methylcyclobutane’; respectively) is rather 
energetically unfavorable. The situation is markedly 
different for silicon containing compounds. Based on 
the above argument we suggest that H, loss from the 
C,H,,Si’ molecular ions might lead to silicon contain- 
ing ring ions. H, loss accompanied by generation of an 
acyclic species containing a C = C bond is energeti- 
cally unfavorable and is probably accompanied by a 
large activation energy barrier (by analogy with satu- 
rated hydrocarbon ions). Acyclic species containing a 
Si = C bond are unlikely, because they are known to 
be 65-120 kJ.mol-’ less stable than the corresponding 
C = C analogues [22]. Indeed, most of the silane iso- 
mers capable of forming four or five-membered silicon 
containing rings (c, d, e, f, g, and h; see Figure 1) 
exhibit H, loss. (The only exception is the dimeth- 
ylethylsilane molecular ion, i, which loses C,H, 
metastably.) Those species incapable of forming such a 
structure (a and b) decompose via other mechanisms. 
In an attempt to confirm the structure of the 
C,H,,Si+ ions, the MI mass spectra of the C,H,,Si’ 
ions from c, d, e, Of, g and h were recorded; all spectra 
are dominated by m /z 58, that is, C,H, loss. Cyclic 
species such as silacyclobutane and l,l-dimethyl-l- 
silacyclobutane are known to lose C,H, abundantly 
upon electron impact ionization [23]. Thermal decom- 
position of I-methyl-l-silacyclobutane (a cyclic 
C,H,,Si isomer) and l,l-dimethyl-1-silacyclobutane 
also results in C,H, elimination [23b, 241. However, 
there is no unambiguous evidence available to support 
a cyclic or an acyclic structure for the C,H,,Si+’ ions. 
The stated goal of relating the structures of 
organosilane CVD precursors to their pyrolysis and 
(ultimately) epitaxial film characteristics requires spe- 
cific structure-reactivity relationships. As an initial 
step, analysis of the MI data from this work leads to 
the correlation of a particular fragmentation process 
with a specific structural feature of the silane isomer: 
the elimination of H, is favored in those compounds 
capable of forming a four- or five-membered silicon 
containing ring. Work in progress comparing the Ml 
mass spectra of the C,H,,Si” ions generated by H, 
loss with those produced by electron impact ionization 
of the neutral cyclic C,H,,Si species will provide fur- 
ther information on the actual structures resulting from 
H, elimination from C,H,,Si+’ ions. The next stage 
will be to identify further similarities between mass 
spectral and pyrolysis behavior. As noted, the same 
decomposition pathway dominates both the pyrolytic 
and metastable reactions of t-butylsilane [l]. Whether a 
correlation between cyclization and H, elimination is 
demonstrated pyrolitically for the silanes remains to be 
seen. Silicon containing organic rings are frequent 
products of intermediates in pyrolysis reactions of 
organosilanes. At high temperatures and pressures 
(600-700 “C, 760 Torr), continuous flow pyrolysis of 
methylsilanes (Me,,%,, n = O-3), for example, pre 
duces a variety of cyclic carbosilanes [25]. The large 
number of complex consecutive reactions taking place 
under these conditions have not been detailed or even 
listed, however, and more work of a systematic nature 
is needed. 
Acknowledgments 
The authors are grateful to the AMOCO Corporation 
for donating their VG Analytical ZAB-2F to our facility 
and the National Science Foundation for major depart- 
mental instrumentation grants and a Materials Re- 
search grant. The authors also thank David F. Snyder 
for experimental assistance and the Chemistry Depart- 
ment of the University of Wisconsin-Madison for fi- 
nancial support. 
References 
1. (a) Redwing, J. M.; Saulys, D.; Gaines, D. F.; Kuech, T. F. 
Chemistry of Butyl Silanes in Chemical Vapor Deposition Applica- 
tions; 1993 Electrochemical Society Graduate Student Sympc+ 
sium: University of Wisconsin-Milwaukee, 1993; (b) Red- 
wing, J. M.; Kuech, T. F.; Saulys, D.; Gaines, D. F. 1. Crystal 
Crowfh, in press. 
2. (a) Gross, M. L.; McLafferty, I;. W. /. Am. Chem. Sot. 1971, 93, 
1267; (b) Stirk, K. G.; Kenttamaa, H. I. 1. Phys, Chem. 1992, 96, 
5272; (c) Stirk, K. M.; Kiminkinen, L. K. M.; Kentt&maa, H. 1. 
Chem. Reu. 1992, 92, 1649. 
3. (a) Collision Specfroscopy; Cooks, R. G., Ed. Plenum Press: New 
York, 1978; (b) Holmes, J. L. Org. Mass Spectrom. 1985, 20, 
169; (c) Busch, K. L.; Glish, G. L.; McLuckey, S. A. Mass 
Spectrometry / Mass Spectronretry, Techniques and Applications 
of Tandem Mass 5pectrometry; VCH Publishers: New York, 
1988. 
4. Groenewold, G. S.; Gross, M. L.; Bursey, M. M.; Jones, I’. R. J. 
Or@anomet. Chem. 1982, 235, 165. 
5. (a) Apeloig, Y.; Karni, M.; Stanger, A.; Schwarz, H.; Drewello, 
T.; Czekay, G. J. Chent. Sot., Chem. Cummun. 198’7, 989; (b) 
Schwarz, H. In The Chemistry of Organic Silicon Compounds, 
Part 1; Patai, S.; Rapport, Z., Eds. Wiley: New York, 1989; pp. 
445-510. 
6. Holznagel, C. M.; Bakhtiar, R.; Jacobson, D. B. 1. Am. Sac. 
Mass Spectrom. 1991, 2, 278. 
7. B&h&r, R.; Holznagel, C. M.; J acobson, D. B. Organomefallics 
1993, 12, 621. 
8. Steele, W. C.; Nichols, L. D.; Stone, F. G. A. J. Am. Chm. Sot. 
1962, 84, 4441. 
9. (a) Potzinger, P.: Lampe, F. W. I. Whys. C&m. 1970, 74,719; (b) 
Potzinger, P.; Ritter, A.; Krause, J. Z. Naturforsch. 1975, 3Oa, 
347. 
10. (a) Hobrock, B. G.; Kiser, R. W. 1. Pht/s. Chem. 1961, 65, 2186; 
(b) Hess, G: G.; Lampe, F. W.; somber, L. H. J, Am. Chem. 
Sot. 1965, 87, 5327; (c) Band, S. J.; Davidson, I. M. T.; Lam- 
but, C. A. 1. Chem. 50~. A 1968, 2068; (d) MacLean, D. I.; 
J Am Sot Mass Spectrom 1994,5,537-543 STUDIES OF ALL C4H&i+ ISOMERS 543 
Sacher, R. E. J. Organometal. Chem. 1974, 74, 197; (e) Murphy, 18. (a) Wendelboe, J. F.; Bowen, R. D.; Williams, D. H.; J. Am. 
M. K.; Beauclump, J. L. I. Am. Chm. Sm. 1977, 99, 2085. Chem. Sot. 1982, 203, 2333; (b) Holmes, J. L.; Burgers, P. C.; 
It. Cox, J. D.; Pilcher, G. Thermochemist?/ of Organic and Mollah, M. Y. A.; Wolkoff, P. J. Am. Chem. Sm. 1982, 204, 
OrganometaUic Compounds; Academic Press: London, 1970; pp. 2879. 
67-68. 19. Wolkoff, I’.; Holmes, 1. L. 7. Am. Ckm. Sot. 1978. 200. 7346. 
12. (a) Burgers, P. C.; Holmes, J. L.; Szulejko, J. E.; Mommers, A. 
A.; Terlouw, J. K. Org. Mass Specbvm. 1983, 28, 254; (b) 
Blanchette, M. C.; Holmes, J. L.; Hop, C. E. C. A.; Lossin& F. 
P.; Postma, R.; Ruttink, P. J. A.; Terlouw, J. K. 1. Am. Ckm. 
sot. 1986, 208,7589. 
13. Cooks, R G.; Beynon, J. H.; Caprioli, R. M.; Lester, G. R. 
Mctastable ions; Eisevier: Amsterdam, 1973. 
14. Tannenbaum, 5.; Kaye, S.; Lewenz, G. S. J. Am. Chem. Sot. 
1953, 75,3753. 
15. McBee, E. T.; Roberts, C. W.; Judd, G. F.; Chao, T. S. J. Am. 
Chem. Sot. 1955, 77, 1292. 
16. All thermochemical data are from: Lias, S. G.; B&mess, J. E.; 
Liebman. 1. F.; Holmes, I. L.: Levin. R. D.: Mallard. W. G. 1. 
Phys. Ch&. R& Data 1968, ;7, Suppl. 1, unless stated other- 
wise. 
17. Szulejko, J. E.; McMahon, T. B. I. Am. Chmz. Sot. 1993, 225, 
7839. 
20. Holmes, J. L. Personal communication. 
21. (a) Von Rag& Schleyer, P. In Substitwent Eficfs in Radical 
Chemistry, NATO ASI Series C189; Viehe, H. G.; Janousek, 2.; 
Merenyi, R., Eds. D. Reid& Dordrecht, 1986; pp. 69-81; (b) 
Gordon, M. S.; Baldridge, K. K.; Boatz, J. A.; Kosecki, S.; 
Schmidt, M. W. In Silicon Chemistry; Corey, J. Y.; Corey, E. R.; 
Gaspar, P. P., Eds. Ellis Horwood: Chichester, 1988; chapter 
n, TL. 
22. Walsh, R. ACE. Chem. Res. 1981, 24, 246. 
23. (a) Cundy, C. S.; Lappert, M. F.; Spalding T. R. J. Chem. Sot., 
Dalton Trans. 1976, 558; (b) Gusel’nikov, L. E.; Nametktn, N. 
S. Chem. Rev. 1979, 79, 529. 
24. Pola, J.; Chvalovsk$, V.; Volnina, E. A.; Guselnikov, L. E. J 
Organmet. Chem. 1988, 342, C13. 
25. Fritz, G.; Matem, E. Carbasilanes Syntheses and Reactions; 
SpringevVerlag: Berlin, 1986. 
